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Abstract
Accelerometer-based inertial navigation systems present an inexpensive alternative to
gyroscope and global positioning navigation systems. An array of accelerometers
comprises the basic design of the inertial navigation system. The position of the device
can be continuously updated based on the previous device location and measurements of
the device acceleration. There are fewer moving parts in an accelerometer-based system
than in a gyroscopic device, and it is free of the earth bound constraints of a global
positioning system. The prototype wirelessly interfaces with a data-collection system,
which processes the data and provides a graphical display of the trajectory traveled.

Two accelerometer evaluation boards are being tested, the ADXL-320 from Analog
Devices and the MMA6231Q from Freescale Semiconductor. The boards are attached to
a remote controlled car, with a cable that runs to the A/D converter on a breadboard. The
output of the accelerometer runs through the PIC18F2455 A/D converter, which will be
sent on to the processing computer. The output from the accelerometer is sampled from
only ±2g, to reduce quantization errors in the data. During the testing phase the data is
stored on the HC12PG256 microcontroller.
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Inertial Navigation System
Inertial navigation systems are an inexpensive alternative to gyroscopic and global positioning
navigation systems. This project explored the possibility of creating an inertial navigation
system with an accelerometer chip, (i.e. a chip that will measure the acceleration of an object in a
particular direction). The inertial navigation system contains fewer moving parts than a
gyroscopic device and will be free of the earth-bound constraints of a global positioning
navigation system.
Our project received guidance and instruction from Dr. Frank Severance, who approached us
about this project. He is our mentor and advocate to the Honors College and to the Michigan
Space Grant Consortium: NASA. Monetary contributions were covered by the grant our project
received from the Michigan Space Grant Consortium: NASA. We also received a wealth of
support from various faculty members at Western Michigan University, including: Dr. Bradley
Bazuin, Dr. Damon Miller and Dr. Janos Grantner.

We proved that the concept of an accelerometer based inertial navigation system is viable. We
delivered a prototype of a one-dimensional navigation system consisting of an accelerometer,
conversion system, and software. By one-dimensional we mean we were able to measure
forward and backward movement.

The Need for an Inexpensive Inertial Navigation System
In today’s marketplace there is an ever increasing demand for ways to lower the cost of
navigation devices. One way to help decrease the cost of implementing a positioning system is to
find an alternative to GPS and gyroscope based navigation systems, which can have extensive

implementation costs. One possible alternative is an accelerometer based navigation system,
which is a less expensive alternative to GPS and gyroscope positioning systems. The cost of this
accelerometer based system opens up the use of navigation systems to many groups that
normally would not be able to use them due to cost. For example, the College of Aviation at
Western Michigan University routinely builds model aircraft and has been looking for a way to
implement a cost-effective navigation system on those aircraft. Our accelerometer based
navigation system should allow them to start using navigation systems on their model aircraft.

The goal of this project was to build an accelerometer based navigation system, and gauge its
accuracy against that of a GPS device. It is likely that the accuracy of an accelerometer based
system will be less than that of a GPS system, but the significantly less cost of the accelerometer
based system makes it an attractive alternative to GPS. Our proof of concept will help future
groups to build a device based on our designs. This will allow users who can not afford a GPS
device to purchase a navigation system for their needs.

Design Concept
The following sections describe our initial design concepts. The early stages of our design will
include developing a two-dimensional navigation system and perfecting our data acquisition
before moving onto a three-dimensional model. The two-dimensional model will consist of a
remote control vehicle, the accelerometer array, a microcontroller to sample data, and a
transmitting device. Once we can successfully track an object (the remote control car) in a twodimensional environment, we will move to our primary design concept.
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The primary design concept for this project consists of a model airplane, an array of
accelerometer chips, a microcontroller to sample the data, a transmitting device on the aircraft,
and a receiving station to store the incoming data and perform calculations. The design will
require both hardware and software elements, along with extensive calculations. Hardware
design may include designing a Printed Circuit Board (PCB) that will contain the accelerometer
chips and the RF device, which will need to interface with the microcontroller. Software design
will result in an interface that will record the incoming data, perform calculations, and be able to
display meaningful information, such as the current position of the device.

At this time we have three accelerometers in our

Z

design: one for the xy-plane, one for the yz-plane
and one for the xz-plane, as shown in Figure 1.0 to

YZ-Plane
XZ-Plane

the right. We hope to find an accelerometer that

X
XY-Plane

works in all three directions (X, Y and Z), however
at this stage we have not found anything suitable for
our project, so we will continue to use the threeaccelerometer design. The accelerometers may be

Y

Figure 1.0: 3D-Plane

contained within a PCB layout and connect to a microcontroller, which will sample the data
coming from the accelerometers. See Appendix F for a complete picture of the available ports on
the DP256 microcontroller. The microcontroller will then take that data and send it to our
transmitter, which will transmit the formatted (sampled) data to a receiving station collecting that
data. The computer will then perform mathematical calculations on that data and output the
device’s position.
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Physics
Physics plays a major role in our project, specifically the relationship between three things:
distance, velocity, and acceleration.
For this project, distance is referred to as
displacement, or the distance between where the
object started and where it ended up. The graph
in Figure 2.0 shows a typical graph of distance,
where the object moved forward and stopped.

Distance and velocity are directly related;

Figure 2.0: General Displacement Graph

distance is the derivative of velocity. This
means that velocity is calculated as the change
in distance over the change in time. The graph
in Figure 2.1 displays the velocity for the
forward movement of an object and stopping.

This is represented in the following equation:

Figure 2.1: General Velocity Graph

v = dx/dt = v0 + a*t = m/s
Velocity also relates to acceleration. Velocity is
the derivative of acceleration, which makes
distance the second derivative of acceleration.
This means that acceleration is the change in

Figure 2.2: General Acceleration Graph
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velocity over the change in time. The graph in Figure 2.2 shows the acceleration for an object
that is at rest, moves forward and then stops. Acceleration is represented by the following
equation: A = d2x/dt2 = Δv/ Δ t = m/s2
Examining Project Precedence
Our design required that we develop a plan of attack. To do this we examined our project
precedence using a precedence table and precedence matrix. This includes much of what we
would now consider extensions of our initial project. We accomplished our proof of concept so
the remaining steps will be left for future groups to develop. Our examination of the precedence
will cover all that has been done and what will need to be done to bring this design project to
completion.

The test course, battery system, receiver, and transmitter all suffer from unavoidable iteration.
Purchasing of the receiver and transmitter will limit the technology to that which is available
(affordable). The battery system will consist of a battery and its interface to the PCB containing
the accelerometers and transmitter. Weight, power and the connection to the PCB will all need
consideration when choosing a battery system. The test course is the easiest to iterate. The team
will choose the location and layout for the test course, whose design can easily be altered.
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Table 1.0: Precedence Table
Specification Major Part#
a
b
c
d
e
f
g
h
i
j
k
l
m
n
o
p
1
2
3
4
5
6
7
8
9
10
11
12

Description
Data acquisition system Weight
Accelerometer Manufacturer
Range of RF device
Type of Receiver
Plane Range
Vehicle Range
Battery Type
Accelerometer Sensitivity
MCU Sampling Rate
Transmitter Band
Receiver/Computer Interface
Communications Network Type
Mathematical Equations
Computations performed on computer
Visual Studio.Net for Programming
Type of Transmitter
Battery System
Transmitter
Accelerometer
Vehicle
Plane
PCB
Data acquisition system Module
Microcontroller
Receiver
Computer System
Test Course
Software User Interface

Predecessor Level
High
Med

a,b,g,p,2,3,8
4,5
a,c,d,j,l,p,8,9
a,b,h,I,4,5
a,f
a,e
b, p
a,b,g,p,1,2,3,4,5,8
i
c,d,e,f,j,k,l,p,2
i
d,I,m,n,o,9,12
c,e,f,4,5
o,10

Low

i
e,f
11
11
11
g

11
2
n

After completing the precedence table and matrix our group was able to make several important
conclusions about our design process and the parts that we need to make. The first thing we
learned from completing the precedence table was what parts we need to design ourselves. The
next important conclusion we were able to draw is the order in which we need to complete the
different parts, to minimize the number of parts that rely on unfinished parts. In other words we
want to avoid iteration as much as possible. For example from the maximized matrix it is easy to
see that design and purchase of the plane has a high reliance on the specifications for the data
6

acquisition system weight and type of transmitter, but only had a medium reliance on the test
course. The specifications are known before we choose which plane to use, but we don’t know
exactly what the test course will look like before choosing the plane. That means that we will
have to make some educated guesses on the design of the test course. After choosing the plane
we may have to go back and alter the course to match the plane’s performance, or make some
changes to the plane to ensure it can navigate the test course.

Another possible problem area we noticed by studying our precedence matrix it that the
transmitter and data acquisition system module have a high reliance on the design of other parts.
When deciding which transmitter to go with one must consider the data acquisition system
module and ensure it can handle the transmitter shown. This could create some problems, but
that should not create much of a problem for us because most of the accelerometers we have
looked at are small and light weight. Since they are so lightweight and small we should be able
to avoid a lot of possible problems with the data acquisition system container. However, if we do
choose our accelerometer and then later find out it does not fit with our data acquisition system
container, we may have to re-examine the accelerometers we chose.

The biggest benefit of the maximized precedence matrix is that we are able to easily see the
order in which we should design our parts. From the matrix it is clear that the microcontroller is
the first part we need to complete before starting any other parts. This is interesting because
before we completed the matrix we thought that the accelerometer was the first thing we needed
to complete. Now it is easy to see that there are four parts that must be completed before the
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accelerometer. The matrix on the other hand did confirm our original thoughts, that the software
interface is the last part of our project that should be designed.
Table 1.1: Precedence Matrix
a
b
c
d
e
f
g
h
i
j
k
l
m
n
o
p
8
5
4
11
3
2
6
7
9
10
1
12

a b c d e
*
*
*
*
*

f g h

i

j

k

l

m n o p 8

5

4

11 3

2

6 7 9 10 1 12

*
*
*
*
*
*
*
*
*
*
*
H
H
H

H
H

H
H H

*
*
*
H H
H H

H H
h
H
H
H H L L
H
H
H H
H
L
H
H H
H
H H H H
H H H H
M H H H
H
H
H H H H
H H
H
L
H H M M
L H

M
M
*
M

M
*
*

H
*

H H
H
M

*

H
*
H

*

H H

*
H

*

Selected Design
The design selected included many of the components in our original specifications. The design
included the PIC18F2455 A/D converter, the Freescale HC12DP256 microcontroller, an
ADXL320 EB evaluation board, and a host of buffers and LED’s. All of the components were
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placed onto a solder-less bread-board and connected using wires. The selected design did not
use the printed circuit board as per our original specifications.

Design Phases
We developed a list of phases through which our project would progress. For certain phases we
have also included alternatives for those phases and we indicate whether or not some phases are
iterative. Figure C1 illustrates how the design phases are related and which phases may be
iterative. For example, if the data acquisition system fails in phase three, we will go back to
phase two and re-design the data acquisition system.

Since we were developing a proof-of-concept design we were able to accomplish phases 0-5
(with some slight deviations from or original plan). Specifically we varied phases 2, 3, and 5.
Originally we planned on developing a printed circuit board in phase 2. Since we worked on a
proof-of-concept design, we went with developing our circuit on a solder-less bread-board. For
phase 3 we did develop a data acquisition system; however it was not in a mountable payload
form. We completed phase 4 as planned. Instead of mounting the data acquisition system on the
remote controlled vehicle in phase 5, we mounted only the accelerometer on it.

User View of Completed Project
The completed project is that of a proof-of-concept design. Initially the project encompassed a
fully-functional three-dimensional navigation system. The following sections contain
information on our proposed deliverables and what was actually delivered.
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Promised Deliverables
The following sections discuss our original plans for our project. Initially we hoped to complete
the entire process that we proposed. As time progressed we realized that we needed to first
complete a proof-of-concept design. The sections that follow go into detail on our intended
design and testing methods.

When the project is completed and ready to present there will be several devices delivered to the
user. The main deliverable will be an enclosure that we call our data-acquisition system, or
DAQ. The PCB, accelerometer array, transmitter, microcontroller, dedicated battery system or
power supply, Analog-to-Digital (A/D) converter, and the connections between them will all be
part of an enclosure as shown below. The AC adapter is detachable and the switches on the front
of the data acquisition system will allow us to switch between batteries and a standard wall outlet
for our supplied voltage. The enclosure will be made of a sturdy, light weight plastic or metal
that will be able to withstand a temperature range of 30 to 130 degrees Fahrenheit. Also the
container can be mounted to, and removed from, either the remote control aircraft or automobile.
The completed enclosure, as seen in Figure 3.0, will also have to be light enough to be carried on
the aircraft and remote-controlled vehicle without hindering mobility.
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Data Acquisition System Design

Power Source

Battery

ON

Wall

OFF

Battery

Wall

RESET

AC to DC
Converter

ON
Microcontroller
Interface

KEY
Sliding Switch
Push Button Switch
LED
PayloadDesign
Design
FigureFigure
3.0: 2.0:
Payload

At the conclusion of the project we will deliver a receiving module that will include a receiver,
PCB, A/D converter, and the cable to connect the receiver to a computer. The receiver and cable
connector will be mounted to the PCB. The connection cable from the receiver will connect to
the receiving station computer. Figure 3.1 below, shows the layout of the DAQ. Included in the
figure are the microcontrollers, accelerometers, 3.3V batteries, status LED’s, switches and an
external power connector.
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Data Acquisition System Layout

-

3.3 V Battery

+

-

3.3 V Battery

+
+
-

YZ Accelerometer

Power
Pin
PIC18F1220

XZ Accelerometer

XY
Accelerometer

Ground
Pin

Microcontroller
Serial Connector

rfPIC12C509AF

BATTERY/ WALL ON/OFF
Switch
Switch

External
Power
Source
Connector

RESET
Switch

BATTERY LED

WALL LED

Figure
3.1: Data
Acquisition
System
Layout
Figure
2.1: Data
Acquisition
System
Layout

Another system that will be delivered with our final product is the software that will collect the
data from the receiving module and interpret it for the user. The software will be developed
using Visual Studio .NET and will be interactive. The user will be able to select when to start
and stop the readings, view several different graphs of the object’s course, save the results, and
print the results. The software runs on computers with the .NET framework.

The completed project will acquire data from the accelerometer array and then the
microcontroller will convert this data to a format the can be transmitted (i.e. analog to digital).
The microcontroller sends the data to the transmitter and the transmitter sends that data to the
receiver. The receiver sends the data to the computer where the software will collect and
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interpret it. The information will be displayed on the screen in one of several different formats
depending options the user selects.

Proposed Fabrication and Testing
The fabrication and testing processes will be quite in-depth and will require many steps to ensure
our finished product meets the specifications given. The first step will involve choosing the parts
needed for the project using the desired specifications and the data sheets for the parts. Once we
have chosen the parts we will then put them through testing to ensure they meet our
specifications. If any parts to not pass the tests we will go back and select new parts. Once all of
our parts have passed the initial tests we will begin construction of the enclosure using one of
three possible designs: 1) one PCB, 2) no PCBs, or 3) multiple PCBs. When designing the
enclosure we will take into account the size and shape of our parts and whether the remote
control vehicles can handle the data acquisition system.
Y-axis

X

X (X , Y )
6

When the enclosure is completed, some preliminary

6

(X5, Y5)

(X4, Y4)

X

7

X
(X8, Y8)

7

to ensure it will meet our specifications. After these

(X3, Y3)

X

X
X

testing on the data acquisition system will commence

X (X , Y )

tests are completed we will move on to software

(X2, Y2)

design and implementation. After the software is

X (X , Y )

Y1

1

(X9, Y9)

X (0, 0)

1

X1

completed the next step will be to design and
X-axis

Start/
End

KEY
Figure 4.0: Vehicle
Test Track
Figure 3.0: Truck Test Track

X
(X, Y)

Measurement Location
(X-axis Displacement,
Y-axis Displacement)

implement the receiving module. This will entail
designing the PCB and the connection to the
computer. After the receiving module is completed we

Path Taken
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will mount the enclosure to the remote controlled vehicle, making modifications to the vehicle as
needed. After the enclosure is mounted we will begin testing the enclosure again by running the
vehicle on several different tracks. These tracks will include straight lines (forwards and
backwards), left and right curves, hilly terrain, and finally a figure eight pattern as pictured in
Figure 4.0.

We will implement one of two methods for the testing. Method One is transmitting the data on
the first run and implementing everything at once. The other possible testing method is to first
save the data on the microcontroller and then download it to the computer. As soon as we can
successfully transfer the data from the microcontroller to the computer, we will debug the
transmission and receiving process. The data acquired during this testing phase will be
compared to data collected from measurements of the track recorded before the testing begins.

After the design, implementation, and testing of the systems using the remote controlled vehicle
are complete we will then take the enclosure off of the vehicle. The enclosure will be mounted
on to the aircraft, making any modifications to the aircraft as needed to securely fasten the
enclosure. The data acquisition system will once again be tested using the aircraft and one of the
three methods outlined. Figure 4.1 below shows an example test flight for the aircraft. A GPS
system will be used as a benchmark for our testing. Once we have completed the testing in this
phase we will finalize our design of the enclosure/data acquisition system, software, and
receiving module.
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Actual Deliverables
Upon completion of our project we produced a functional, one-dimensional inertial navigation
system prototype and conversion software for the data gathered by the prototype. In this section
will cover the features of these deliverables.

One-Dimensional Prototype
The prototype is a fully functional one-dimensional tracking system. It successfully tracks
forward and reverse displacement, y-axis of the accelerometer, with less than 10% average error.
The major components of the prototype include a remote control car, the ADXL320
accelerometer, HC12 microcontroller, the PIC18F2455 chip, multiple LED banks, step-down
resistor bank, and a pull-up resistor block.
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The accelerometer measures the acceleration of the remote control car along the accelerometer’s
Y-axis. The PIC chip converts the analog signal of the accelerometer to a digital signal that is
stored in the HC12 microcontroller. The conversion range of the PIC chip is set by the stepdown resistor bank. The pull-up resistor block helps stabilize the digital signal. The LED banks
provide debugging support. Pictures of the final deliverables are available in Appendix H.

Conversion Software
The conversion software converts the hexadecimal data retrieved from the HC12 to acceleration
values. It accomplishes this by first converting the hexadecimal values to decimal values. Next,
it normalizes the decimal values and determines how far the value is from the mid-point by
subtracting 0.5 and dividing by 0.5. Finally, it multiplies this value by 2, which is the magnitude
of the accelerometer we used in the prototype, and by 9.81, which is the acceleration due to
gravity. This acceleration value is written to the output file.

Variance from Promises
Our project varied greatly from our proposal. We did not produce a two or three dimensional
prototype. We did not produce a completely independent data acquisition system. Our prototype
still relies on the HC12 for data storage. We did not integrate wireless communications into our
navigation system.

Final Design of System
The final design of our system includes four major components: the ADXL 320 accelerometer,
the PIC18F2455 chip, the HC12 microcontroller, and the data conversion software. Below we
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will present the top level view of our project, describe the components and functional
requirements, and discuss the interfaces and data flow between the components.
Top Level View of Project
The input to our project is the acceleration acting on the accelerometer. Our project outputs a
text file containing raw data samples. Figure 5.0 shows the top level view of our project.

Figure 5.0: Top Level Design View

Below Figure 5.1 shows the second level design view of our project. This includes the input to
the accelerometer, the remote car, our circuit board and the computer on which the data was
converted.

17

Figure 5.1: Second Level Design View

Hardware Components
The project components include accelerometers, an analog-to-digital converter, buffers and a
microcontroller. The specific parts we used are described below.

ADXL320EB
We used Analog Device's ADXL320EB for the accelerometer component. This is the evaluation
board version of their ADXL320 accelerometers. The board features an on-chip, dual-axis
accelerometer with a ±5g operating range. The board requires a 2.4V supply voltage. The board
uses a 5-pin header interface. Samples are transmitted through an analog signal at a rate of 50
Hz. Sampling frequency is controlled by 2 on-board capacitors.
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The accelerometer uses a differential
capacitor as seen in Figure 6.0. The
middle bar is called a cantilever. As it
moves between the two capacitive plates
(the bars on each side of the cantilever)
Figure 6.0: Differential Capacitor

Source: MMA6231Q.pdf page 4

the output voltage
of the

accelerometer changes. These voltage changes correspond to the
acceleration of the object. Figure 6.1 shows the voltage range of the
accelerometer, which is between +5v and 0v. The value of +5v
corresponds to +5g and 0v corresponds to -5g, where g = 9.81 m/s2 (the
acceleration due to gravity). No acceleration or 0g is equivalent to an
output value of 2.5v from the accelerometer. Any value between 2.5v and
5v is a positive acceleration. A value less than 2.5v and greater than 0v is
a negative acceleration.

Figure 6.1:
Accelerometer Ranges

PIC18F2455
An analog to digital converter was required for this project. We chose to use Microchip’s
PIC18F2455 chip. This chip has 10 analog to digital converter channels that are fed into one
comparator. The chip has a software programmable clock that can operate as high as 48 MHz.
We chose this chip for its low price and small size. The pin layout for the PIC chip can be found
in Appendix B.
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HC12 Microcontroller
Our working prototype required a means of data storage. We chose to use the HC12DP256
microcontroller board. This board includes many features including analog to digital converters,
timing captures, and pulse width modulation. We chose the microcontroller for its 256K of
memory. The pin layout for the HC12 can be found in Appendix F.

MMA6231Q Accelerometer
We wanted to compare the ADXL320 accelerometer to another accelerometer. We chose the
MMA6231Q accelerometer from Freescale. This accelerometer is a two dimensional
accelerometer with a 300Hz sampling rate. It operates in the 2.7V to 3.6V range. Appendix B
contains the layout for the MMA.

Software Components
Our project includes three main software components: the programming of the PIC18F2455, the
programming of the HC12 microcontroller, and the data conversion software. Each of these
components is discussed below.

PIC Programming
We produced four different programs for the PIC chip. Two of these are test programs to test the
PIC chip. The first test program is a simple pass through program. The input the chip receives is
immediately output. Next, the PIC was tested with a counter program. This program counted
from 0 to 255 to test the eight output pins that would later be used for the output of the analog to
digital conversion.
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The final two programs are a static range analog to digital conversion program and a dynamic
range analog to digital conversion program. Both of these programs convert the analog signal on
pin 2 of the PIC to a 10-bit digital value. The 8 most significant bits are output on pins 21-28 of
the PIC chip. To perform the conversion properly we had to determine the timing of the analog
to digital converter. We used the equations following equations from the PIC datasheet.

Functional requirements
Our project has one main function: to store the acceleration acting on the accelerometer. This
main functionality is composed of additional functionality requirements. The ADXL320
accelerometer must accurately measure all acceleration between ±2g for at least 10 ms. The
analog signal outputted from the accelerometer must be accurately converted to a digital signal
by the PIC18F2455 chip. This signal needs to be stored by the HC12 microcontroller. The
storage needs to occur within 171µs of the end of the analog to digital conversion. Finally, this
data must be accurately converted to acceleration values. Below is the circuit diagram of our
entire design.
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Figure 7.0: Circuit Board Layout

Interface Between Components
This section will describe the flow of information from each major component and the
interfacing between components. The flow will start with the analog input of the accelerometer
and will continue until the final acceleration values are obtained.

Data Sampling
The analog signal from the ADXL320 accelerometer is converted to a 10-bit digital signal by the
PIC18F2455. The input signal enters the PIC chip on pin 2. The analog to digital conversion
occurs over a range set by the voltage level on pins 4 (conversion low end) and 5 (conversion
high end) of the ADXL320. The voltage levels on these pins are set by a step-down resistor
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block. The block steps the voltage down from 5 volts to 3.5 volts (conversion high end) and 1.5
volts (conversion low end). The most significant 8-bits of the digital signal are outputted on pins
21-28 of the PIC chip.

Data Transmission
The digital signal is sent through a buffer to pins 14-21 of the HC12 microcontroller. An
interrupt signal is sent from pin 10 of the PIC chip to pin 8 of the HC12 to signal that there is
data to input. The digital signal sent to the buffer is stabilized with pull-up resistors. The pull-up
resistors ensure strong 1’s in the digital signal.

Data Capture
The HC12 microcontroller stores the data from pins 14-21 into memory. The falling edge of the
interrupt signal on pin 8 activates an interrupt service routine to store the data. The data is stored
in contiguous memory space on the HC12 microcontroller in hexadecimal format.

Data Retrieval
The data stored on the HC12 is retrieved using NoICE©. In NoICE© we use a memory dump of
memory ranges 0x1350 to 22F0 and store the dump in a text file. The text file is processed in
our data conversion software. The software outputs a text file of accelerometer values.
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Fabrication and Testing
The following section covers our fabrication and testing methods. This section covers our
calibration of the system and our error correction methods. Component by component testing
methods are covered, as well as the overall system testing.

Component Testing
Many of our components required that we test each part separately. We needed to devise a
testing solution for each part. This section contains our component testing methods and analysis.
PIC18F2455
In order to successfully plot the movement of the remote control vehicle needed to be able to
convert the analog output of our accelerometer into a digital form the memory storage device
could read. The PIC18F2455 was chosen to perform these analog-to-digital conversions.
Initially the PIC chip was programmed to act as a pass-through device, which allowed us to
become familiar with the PIC language and to ensure the chip was working on the most basic
level. The way the pass-through device works is that anything sent into one port is just send out
another port. Once it was working at a pass-through device it was then programmed to act as a
counter. When in counter mode the chip constantly counts up by 1 and rolls back to 1 once it
reaches 0xFF.

After familiar with the PIC language the chip was programmed to act as an analog-to-digital
converter. To test the operation of the PIC chip as an analog-to-digital converter a known DC
voltage was applied and the output from the PIC chip was recorded. This was done for a range of
values between the high and low reference voltages of the accelerometer. The output was then
plotted against the input and a linear relationship was achieved. The figures below show the
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results from the testing we performed on the PIC chip. Figure 8.0.0 shows the results for testing
the PIC chip with an input range of 0V to 5V. This means that the PIC chip uses its 8 output bits
to represent analog inputs between 0V and 5V. With 8-bits available to represent the digital
output there are 28 or 256 values available to represent the full 5V range. This resulted in
quantization errors in our analog-to-digital conversions. What this means is that the range of the
analog input is broken into 256 individual ranges and any input value in a given range is then
mapped to a given digital output. This causes our system not to have the accuracy necessary
when the analog inputs change only slightly. Due to this problem with accuracy and the fact that
the full range of the accelerometer was not needed the range of the analog-to-digital conversions
were changed. Figure 8.0.1 shows the results of the PIC analog-to-digital conversion for a range
of 0V to 3.5V. This allowed us to have increased accuracy in our output because 256 values
were used to represent a range of on 3.5V. Figure 8.0.2 show the correct operation of the PIC
chip for a dynamic range of 1.35V to 2.02 V.
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PIC Decimal Output for Voltage Inputs
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Figure 8.0.0: PIC Decimal Output for Voltage Inputs

Figure 8.0.1: A/D Converter Input Response
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Figure 8.0.2: A/D Input Response (1.35-2.02) V

ADXL320EB
The ADXL320 was the accelerometer chosen to measure the acceleration of the device being
tracked. This device was chosen because after extensive testing it seemed to give the most
reliable results, and was cheaper then the Freescale accelerometer. The accelerometer outputs an
analog signal that represents the acceleration of the device. To test this analog output the device
was hooked directly up to an oscilloscope, which allowed for the analog output to be viewed in
real time. To test the accelerometer's directionality, we viewed the analog output on the
oscilloscope as we moved the device. Once the directionality of the accelerometer was
determined some initial at rest trial runs were performed so verify the chip was outputting values.
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MMA6231Q Accelerometer
The Freescale MMA6200 series accelerometer was not chosen to be use included in the tracing
system. It was not selected because after careful testing it did not give accurate results. First, to
test the directionality the MMA6200 was hooked up to an oscilloscope and moved in various
directions. While moving the accelerometer we examined the output on the screen of the
oscilloscope, which allowed us to determine the MMA6200’s directionality. We also performed
several trials with the MMA6200 at rest to verify it was outputting results. However, after
careful analysis of the testing we determined the accelerometer was not giving us valid output, so
the accelerometer was not used.

HC12
The Motorola HC12 Microcontroller was used as a baseline analog-to-digital converter to verify
the results of the PIC chips analog-to-digital conversion. In our final deliverable the HC12 acts
only as a data storage and retrieval device. We used the HC12 to compare with the PIC chip
because we were familiar with the operation and programming of the HC12 Microcontroller.
However, we did not decide to use it as our analog-to-digital converter because of its price and
size. The HC12 Microcontroller was used as the data storage and retrieval device for the
converted acceleration data. It was tested by performing data runs that store data to it and
verifying that the values at intended memory locations were changed by the new trial run.

Data Conversion Software
The data conversion software was used to convert the hex values stored by the HC12
microcontroller to raw acceleration values used to calculate the velocity and position of the
device. To test the data conversion software it was used to convert a given trial run. The first 20
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samples from the HC12 were converted by hand and then compared to the software’s output. The
data from the software and the values computed by hand matched, so we were confident in the
Data Conversion software’s operation.

Calibration
After verifying the operation of the PIC chip, the HC12, the ADXL320 accelerometer, and the
data converter software it was necessary to calibrate the system as a whole. The first step in
calibrating our system was to perform multiple test runs with the accelerometer at rest. The result
from these runs were then analyzed and it an offset or shift was noticed in the system. To
compensate for this offset the modal value of the test runs was found. This modal value was then
subtracted from the results to shift the results to zero where they should be. After this modal
offset was implemented multiple short, moving runs were completed. However, after analyzing
the results of these runs there was still oscillation in our results when the accelerometer was at
rest. To correct a range of offsets were compensated for and other error correction methods were
implemented (see Error Correction Methods). After implementing these error correction methods
the results of our system were correct for stationary and short, moving runs so we were confident
that out device was calibrated correctly.

System Testing
When testing the system a methodical, set-by-set approach was used. When performing the
testing of our system, we required that the current step be completed before moving on to the
next step. The first step in the testing process was to verify the operation of each of the
components. See the section on Component Testing for the process taken to verify each
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individual component. After verifying the operation of each component it was then time to verify
the operation of the system as a whole. Four main types of trial runs were used to test the
system. The four trial runs are:
–

Runs at rest

–

Forward, stop

–

Forward then reverse, stop

–

Forward, reverse, forward, reverse, stop

Before performing these tests we completed the acceleration, velocity, and distance plots of an
ideal trial for each run. The acceleration, velocity, and distance plots for an ideal run of each type
are shown below. Figure 8.1.0 shows the acceleration graph for a vehicle starting at rest, moving
straight-forward, and then stopping. Figures 8.1.1 and 8.1.2 show the velocity and distance
plots, respectively, that correspond to the acceleration graph in Figure 8.1.0. When the car first
starts moving forward from rest the acceleration is increasing, which results in a positive
increase in the velocity. When the acceleration reaches its max value and starts to decrease it
represents the car is still accelerating forward but at a slower rate. When the car starts to slow
down, the acceleration becomes negative, representing the car starting to accelerate in the
opposite direction. The velocity at this point then starts to decrease as well because the car is
slowing down. When the car finally comes to a stop the acceleration and velocity graphs reach 0,
however the position is positive because there was a positive change in the overall displacement
of the car.
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Figure 8.1.0: Ideal Straight Run Acceleration Graph

Figure 8.1.1: Ideal Straight Run Velocity Graph
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Figure 8.1.2: Ideal Straight Run Displacement Graph

Figures 8.1.3, 8.1.4, and 8.1.5 represent the acceleration, velocity, and displacement graphs for
another ideal run. For this run the vehicle is moved forward a given distance, stopped, and then
moved in reverse that same distance, and then stopped. For this type of run the total displacement
is 0 meters, which is shown in the displacement graph by the fact the distance plot ends at 0m. In
figure 8.1.4 the velocity graph becomes negative, which represents the vehicle going in reverse.

Figure 8.1.3: Ideal Forward/Reverse Run Acceleration Graph
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Figure 8.1.4: Ideal Forward/Reverse Run Velocity Graph

Figure 8.1.5: Ideal Forward/Reverse Run Displacement Graph

The acceleration, velocity, and displacement graphs below represent a trial run starting at rest,
going forward, stopping, reversing, going forward, reversing, and then stopping. Examining the
displacement graph figure 8.1.6 shows we get a total displacement of 0 meters for this type of
run. Figure 8.1.7 shows the acceleration for this type of run, and figure 8.1.8 shows the velocity
plot of this type of run.
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Figure 8.1.6: Ideal Extended Run Acceleration Graph

Figure 8.1.7: Ideal Extended Run Velocity Graph
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Figure 8.1.8: Ideal Extended Run Displacement Graph

Once we determined the ideal plots and the total displacement for the various types of trial runs,
actual runs were performed. The first test performed was trial runs with the accelerometer at rest.
Once these runs were completed and the results were verified we proceeded to moving runs. The
initial trial runs were performed with the accelerometer attached to a small, wooden car. The car
was then moved by hand, and the results were analyzed. After verifying the results of these tests,
we needed a way to apply a known acceleration to the wooden car so we could compare our
calculated acceleration values with the known values. An elastic band was chosen as the way to
propel the car. Hooke’s law was used to calculate the acceleration applied to the car. In order in
to use Hooke’s law, a = -(kx)/m, we had to calculate the k-constant of the elastic band. To
determine the k-constant of the elastic band, a known mass was attached to the elastic band and
the displacement was measured. After measuring the displacement caused by several different
masses the length was plotted against the weight (Figure 8.1.9). The slope of the plotted line is
the k-constant of the elastic band. The elastic band was then attached to the wooden car and
several trials were performed. These trials showed that we did not have the control over the car
that we needed when using the elastic band.
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Figure 8.1.9: Finding K-Constant

To gain better control over the accelerometer, we selected a remote control car to perform the
longer runs. The accelerometer was attached to the remote control car and the longer, more
controlled runs were performed. We chose these trial runs for our final analysis. We used a
course with the distances marked. This allowed us to compare the results of the trial runs with
the actual distances traveled.

Error Correction Methods
Our circuit layout allowed a large amount of error to enter the system. Because of this we needed
to come up with ways to remove those errors from our data. We developed numerous error
correction methods. Each of those methods is described in detail in the following sections.
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Modal Offset
After performing multiple runs with the accelerometer at rest and analyzing the results, there was
a noticeable shift, or offset, in our data. Upon examining the data, we decided the best way to
compensate for this was to take the modal offset of the data runs, and use that as a compensation
factor for the trial runs. This modal offset cleaned up a considerable amount of error in the
system as the graphs below illustrate.
Moving With Modal Offset
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Figure 8.2.0: Acceleration With Modal Offset
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Figure 8.2.1: Velocity Using Modal Offset
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Distance with Modal
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Figure 8.2.2: Distance Using Modal Offset

Offset Range
The modal offset cleaned up a lot of error in the data sets, but it only compensated for the single,
most frequently occurring deviation from zero. However, when examining our trial runs, there
was still some oscillation in our acceleration at rest, even with the modal offset correction. To
eliminate the oscillation at rest, we had to compensate for a range of offsets. To determine this
range, the most frequently occurring values at rest were set to zero and any values outside that
range had the modal offset correction applied to them. The graphs below show how the
implementation of an offset range compensates for the error in the system.
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Moving with Offset Range
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Figure 8.2.3: Acceleration With Offset Range
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Figure 8.2.4: Velocity Using Offset Range
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Figure 8.2.5: Displacement Using Offset Range

Moving Average
Many of our sample runs suffered from unexpected spikes in the acceleration. These spikes are
attributed to noise in the system and needed to be cleaned. To compensate for these positive and
negative spikes a moving average was implemented. The moving average formula is shown
below:

The moving average works by summing the seven previous acceleration values. The maximum
and minimum values are then subtracted from that sum. The new value is then divided by five to
give the acceleration value used in the velocity and distance calculations.
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Figure 8.2.6: Acceleration With Moving Average
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Figure 8.2.7: Velocity Using Moving Average
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Figure 8.2.8: Displacement Using Moving Average

Partial Noise Reduction
The spikes in the acceleration values output by the accelerometer were a problem in our system.
This is a large source of error in our system and affected our results. To compensate for these
errors, a partial noise reduction system was implemented to eliminate many of the negative
acceleration spikes in the system. This process compares the current acceleration value with the
two previous acceleration values. If the current value is below zero and the previous two values
are above zero, the current value is not used for calculations. That value is stored in memory so it
can be used in future comparisons for the partial noise reduction process.
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Figure 8.2.9: Acceleration Using Partial Noise Reduction
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Figure 8.2.10: Velocity Using Partial Noise Reduction
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Figure 8.2.11: Displacement Using Partial Noise Reduction

Application of Error Correction Methods
Multiple types of error correction were needed to compensate for the errors in our data. After
developing the main types of error correction, it was necessary to apply them to the results of our
various trial runs. Initially, just the modal offset and the moving average were applied to our trial
runs. The graphs below show the results of one trial run using just the moving average and modal
offset.

Acceleration

Oscillations
at rest
Figure 8.3.0: Raw Acceleration Graph for Straight Run
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Velocity
Compounded
Error

Figure 8.3.1: Raw Velocity Graph for Straight Run

When applying those two error correction methods our acceleration results still suffered from
oscillations when the accelerometer was at rest. The oscillations in the acceleration were
compounded when calculating the velocity of the device. The compounded error in the velocity
calculations can be attributed to the oscillations because when the acceleration oscillates above
zero it represents an increase in the velocity, so every time the acceleration goes above zero it
adds to the velocity.

In order to remove more error in our system and to eliminate the oscillations at rest, the partial
noise reduction and offset range correction methods were applied to the results. The graphs
below show the results of applying partial noise reduction and offset range correction to previous
results.
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Acceleration

Cleaned up data

Figure 8.3.2: Cleaned-Up Acceleration Graph

Velocity
Reduced
Error

Figure 8.3.3: Cleaned-Up Velocity Graph

By applying the modal offset, offset range, moving average, and partial noise reduction to the
acceleration results of the various trial runs, we were able to eliminate much of the error in our
velocity calculations.
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Verification of the System
In order to verify the operation of our system it was necessary to compare the results with the
actual values measured in the trial runs. The most involved runs completed involved moving the
car forward two meters, stopping, moving the car back two meters, stopping, moving the car
forward 3 meters, stopping, moving the car backwards three meters, and then finally stopping.
For this particular run the actual total displacement is 0 meters. The graphs below illustrate the
idea graphs of acceleration, velocity, and position for a run of this type.

Figure 8.4.0: Ideal Acceleration, Velocity, and Displacement Graphs

The points on the acceleration plot where the acceleration reaches zero and then suddenly
changes directionality represents where the accelerometer stops and changes direction. This point
can be seen in the velocity and displacement graphs as well. It represents the maximum and
minimum values for the displacement, and the points when the velocity changes sign.

47

To verify the function of our final design, the ideal plots above and the actual total displacement
were compared to the results of our trial runs. After determining the measured displacement
using the raw data (Figure 8.4.1), it was necessary to correct the error in our system. We
calculated a displacement value of -26.92 m, not the actual displacement of 0 meters. After
application of our error correction methods, we were able to get the calculated total displacement
to be 0.39 meters. Figure 8.4.1 shows how the application of our error correction methods
corrected the initial results. The first two error correction methods applied to the accelerometer
data were the moving average and modal offset. These error correction methods were not enough
to get the final measured displacement close to the actual displacement. The graphs below
(Figure 8.4.3 & Figure 8.4.4) illustrate how the applied error correction methods corrected our
initial results. The results with the moving average and modal offset gave a measured
displacement of -6.27 meters. After examining these results, it was apparent more error
correction methods were necessary.

Partial noise reduction and an offset range were then applied to the data, in addition to a modal
offset and moving average. Figures 8.4.5 and 8.4.6 below show the final results of our trial runs.
After examining these results, we were confident about the operation of our design. We were
able to obtain a measured displacement on 0.39 meters, which is close to the actual displacement
of 0 meters.
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Figure 8.4.1: Graph of Raw Acceleration Data
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Figure 8.4.2: Graph of Raw Velocity Data
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Moving Average & Modal Offset Plots

Acceleration

Figure 8.4.3: Acceleration Graph Using Moving Average and Modal Offset

Velocity

Figure 8.4.4: Velocity Graph Using Moving Average and Modal Offset
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Final Analysis Plots
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Figure 8.4.5: Final Acceleration Graph
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Figure 8.4.6: Final Velocity Graph
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Project Management
Project management was conducted by both David Engblom (project captain) and Dr. Frank
Severance (mentor). David was responsible for keeping the project on track and ensuring that
all documentation was kept up to date along the way. Dr. Severance managed the entire team
and also made sure that the project was progressing according to plan. Each of the team
members had a set of responsibilities to maintain. Those responsibilities are listed below, but by
no means was a team member limited to the listed responsibilities.
Role of Team members
The duties of each team member are listed below.
David Engblom **Captain**
 Keep the project on track with the timeline
 Keep track of progress and documentation
 Data acquisition system design
 Acquire data sheets
 Choose parts
 Test parts
 Accelerometer mounting
 Test car mounted accelerometer system
 Excel Graphs/Analysis
 Drive the car
 Documentation
Aaron Fleckenstein
 Programming of PIC18F2455
 Programming Data Conversion Software
 Acquire data sheets
 Choose parts
 Programming of rfPIC18F1220
 Programming HC12DP256
 Data Conversion Software
 Test parts
 Test car mounted accelerometer system
 Documentation
 Excel Graphs/Analysis
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Michael Calabrese
 Visio Drawings
 Acquire data sheets
 Choose parts
 Test parts
 Test car mounted data acquisition system
 Documentation
 Programming HC12DP256
 Excel Graphs/Analysis
Role of Faculty
Support of our project will come from three ECE faculty members. The role of each member is
described below.

Dr. Frank Severance
Dr. Severance served as project mentor. He distributed the Michigan Space Grant Consortium
funds. He kept the project on track and provided technical assistance when necessary. Dr.
Severance’s in depth knowledge of calculating probabilistic signal analysis proved useful when
we were calculating the data coming from our accelerometer.

Dr. Bradley Bazuin
Dr. Bazuin helped us to fully understand how the accelerometers actually work. He helped us to
use Matlab to analyze some of our data and gave us suggestions on how we could compensate
for some noise in our system.
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Dr. Damon Miller
Dr. Miller was instrumental in helping us remove noise in our system. He showed us how to
remove much of the noise in our system caused by our power supply. He also gave us additional
lab space.

Dr. Janos Grantner
Dr. Grantner was generous enough to allow us access to the microcontroller lab so we could
program our HC12 microcontroller. Without access to the lab we would have been unable to
complete our data acquisition process.
Completion Time
We successfully completed our proof-of-concept design in a timely and professional manner.

Cost and Budget
Our project was funded by a $2,500 grant from the Michigan Space Grant Consortium.
Approximately, $900 of the grant was spent on supplies for the project. An additional $100 was
spent on poster creation and printing. Forty-five dollars was spent on printing and binding the
project proposal.

One of the goals for the project was to create an inexpensive alternative to current navigation
systems. A consumer handheld GPS device costs between $800 and $1,400. Below is a table of
our total project expenses:
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Table 2.0: Total Expenses
Date
03/25/05
04/12/05
04/13/05
05/22/05
05/22/05
05/22/05
06/14/05
06/17/05
08/17/05
09/04/05
09/06/05
09/12/05
09/27/05
10/03/05
10/04/05
10/24/05
10/31/05
05/04/05
05/04/05

Location
Microchip
Microchip
Fed-Ex
Big Lots
Jo-Ann
Lowes
Microchip
Fed-Ex
Lowes
Kens
Electronics
Radio Shack
E-Cost
Freescale
Meijer
Lowes
Kal-Blue
Office max
Analog
Devices

05/05/05

Microchip
Analog
Devices

06/17/05
06/18/05

Digikey
Digikey

Total

Value
$0.00
$0.00
-$45.33
-$8.47
-$1.89
-$8.90
$0.00
-$5.57
-$5.79

Description
PIC18F2550
PIC18LF1220
Binding Proposal
Wooden Car
Elastic
Misc. Parts
PICSTART PLUS
Shipping PIC Programmer
Screws

-$6.28
-$7.29
-$37.91
-$51.09
$111.28
-$8.08
-$95.40
-$13.28

Components
Caps & LED
USB - Serial
KIT1935MMA6231Q

-$35.94
$290.43
-$35.94
$136.35
-$5.81
$911.03

Car
Misc. Parts
Poster
Poster Board
ADXL320EB 2G Evaluation
board
USB Dev, PSP, Receiver
ADXL320EB 2G Evaluation
board
Digikey Stuff
Digikey Stuff

The per-unit cost of our project prototype is about forty-four dollars. Below is a breakdown our
per-unit costs.
Table 2.1: Per-Unit Cost
Date
03/25/05
05/05/05
06/18/05
Total

Location
Microchip
Analog
Devices
Digikey

Value
-$5.55
-$35.94
-$3.00
-$44.49

Description
PIC18F2550 (26-99 units)
ADXL320EB 2G Evaluation
board
Digikey Stuff
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Future Design Considerations
Since we implemented a proof-of-concept design, we did not have the time to fully implement
our design concepts. The following is a compilation of the design alternatives that we have
devised. We decided to include these alternatives because we want future groups to have access
to all of the research we have already completed and our designs.
Design Alternatives
We considered three design alternatives for our project, each with only slight differences. All of
the designs contain a data acquisition system and a receiving station. The data acquisition
system will contain an accelerometer array, a microcontroller, and a battery pack. The data
acquisition system may also contain a transmitter. The first of the design alternatives has the
microcontroller process and store the accelerometer data. Then the data acquisition system will
be plugged into a receiving station where the data will be processed and then it will display the
information. The second design alternative is to have the microcontroller process the
accelerometer data and then transmit the information to the receiving station. The receiving
station will process the data and display the information. The final design alternative will have
the microcontroller receive the accelerometer data and immediately transmit it to the receiving
station. The receiving station will process and display the information. Full descriptions of each
alternative are provided below.

Design Alternative 1
In this alternative the microcontroller handles all of the storage and processing of the
accelerometer data. The receiving station only displays the information. This design would
possibly be implemented in conjunction with a receiving station with low processing power.
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This alternative requires a microcontroller that has large memory capabilities, analog-to-digital
conversion, the processing power needed for a real-time system, and a port capable of interfacing
with a receiving station.

Technological Arts's DP256 would be used in this design
alternative. It has 15 analog-to-digital channels, up to 24 MHz
clock rate, 4 and 9 pin RS232 interfaces, and has 2MB of data

Data Acquistion
System

space and 256K of extra space. Each team member owns one

DP256 microcontroller costs $199 and $150-$200 for the
board.

Accelerometer
Information
(Digital)

of these devices; however the development software for the

Computer

Figure
Figure
9.0.0: 4.1.0:
Design
Design
Alternative
1
Alternative
1 Level0
Level 0
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X-Y Plane
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Accelerometer

Y-Z Plane
Accelerometer

2
Z Accleration Magnitude
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2 (Analog)
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X Acceleration Magnitude
2 (Analog)

Y Acceleration Magnitude
1 (Analog)

X Acceleration Magnitude
1 (Analog)

DP256
(Data Processing)
(Information Storage)

Figure 9.0.1: Alternative 1 Data Acquisition System Level 1 Diagram

Figure 4.1.1: Alternative 1 Data Acquisition System Level 1 Diagram

Design Alternative 2
In this design the microcontroller handles the processing and the analog-to-digital conversion of
the accelerometer data but then transmits the information to the receiving station. The receiving
station stores and displays the information. For this alternative the microcontroller still requires
the analog-to-digital conversion and high processing power, but requires little storage
capabilities. The need for a transmitter has been added to the cost. The receiving station also
needs a receiver.
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Microchip's rfPIC12509AF, an inexpensive microcontroller and transmitter package, will be
used as the RF transmitter. It will operate in the 400MHz amateur band, which conforms to FCC
regulations, see Appendix D. Microchip’s PIC18F1220 will be used for the analog-to-digital
conversion. It features 7 10-bit A/D lines, 256 bytes of on-board RAM, and a 40MHz RISC
processor. The transmitter costs $16.21 and the
PIC18F1220 costs $9.71.

The receiving station will use Microchip’s

Data
Acquisition
System

inexpensive rfRXD0420 as its receiver. Its can

analog format. The analog output needs to be
converted to digital. For this purpose we chose the
PIC18F2455, an inexpensive microcontroller that
features 10 10-bit A/D conversion channels and full

Formatted Information
(Wireless Analog)

receive in the 400MHz range, but it outputs data in

USB support. The receiver costs $4.05 and the
PIC18F2455 costs $9.28
Receiving
Station

Overall the extra $35.25 is negligible. By using this
alternative we reduce the mass and dimensions of the

Figure 9.0.2:
Alternative
2 Level
0 Diagram
Figure
4.2.0:
Alternative
2 Level
0 Diagram

data acquisition system. An alternative such as this
would be useful mass is of concern. We will also need to learn a new Instruction Set
Architecture (ISA) for the Microchip microcontrollers. But since we are familiar with the ISA
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for the DP256 microcontroller, learning the architecture for the Microchip processor should not
be a problem.
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Design Alternative 3
In this design alternative the microcontroller only handles the analog-to-digital conversion of the
accelerometer data and transmits that data to the receiving station. The receiving station
processes, stores, and displays the information. For this alternative the microcontroller still
requires the analog-to-digital conversion, but requires little storage capabilities. The need for a
transmitter has been added to the cost. The receiving station also needs a receiver.
Microchip’s rfPIC12509AF, an inexpensive microcontroller and transmitter package, will be
used as the RF transmitter. It will operate in the 400MHz amateur band, which conforms to FCC
regulations, see Appendix D. Microchip’s PIC18F1220 will be used for the analog-to-digital
conversion. It features 7 10-bit A/D lines, 256 bytes
of on-board RAM, and a 40MHz RISC processor.
The transmitter costs $16.21 and the PIC18F1220

Data
Acquisition
System

costs $9.71.

inexpensive rfRXD0420 as its receiver. Its can
receive in the 400MHz range, but it outputs data in
analog format. The analog output needs to be
converted to digital. For this purpose we chose the

Formatted Data
(Wireless Analog)

The receiving station will use Microchip’s

PIC18F2455, an inexpensive microcontroller that
features 10 10-bit A/D conversion channels and full
USB support. The receiver costs $4.05 and the

Receiving Station

PIC18F2455 costs $9.28
Figure
4.3.0:
Alternative
3 Level
0 Diagram
Figure 9.0.5:
Alternative
3 Level
0 Diagram
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Overall the extra $35.25 is negligible. By using this alternative we reduce the mass and
dimensions of the data acquisition system. An alternative such as this would be useful mass is of
concern and the receiving station is capable of processing the accelerometer data. We will also
need to learn a new Instruction Set Architecture (ISA) for the Microchip microcontrollers.
Again since we are familiar with the ISA for the DP256 microcontroller, learning the
architecture for the Microchip processor should not be a problem.
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Preferred Alternative
We proposed three design alternatives. The table below highlights the differences between each
of the alternatives:
Table 3.0: Comparison of Alternative Designs
Comparison of Alternative Designs
Alternate
Alternate
1
2
Location of Data Processing
DAQ
DAQ
Location of Data Storage
DAQ
RS
Method of Data transmittal
COM Port RF/USB
High
High
Need of Payload Microcontroller Processing Power
High
Medium
Need of Payload Microcontroller Storage Space
Need of Transmitter
No
Yes
Need of Receiver
No
Yes
Need of RS Processing Power
Low
Low
Need of RS Storage Space
Low
Medium
Cost of DAQ Microcontroller
$0.00
$2.25
Cost of DAQ Transmitter
$0.00
$16.21
Cost of Receiver
$0.00
$4.05
Additional Costs
$0.00
$0.00
Cost of Development Environment
$199.00
$199.00
Weight of Payload
High
Low

Alternate
3
RS
RS
RF/USB
Low
Low
Yes
Yes
High
High
$2.25
$16.21
$4.05
$0.00
$199.00
Low

Key
DAQ—Data Acquisition System
RS—Receiving Station
Based on the above information we have chosen Alternative 3 for our design. Alternative 1 does
not fit with our overall goal of wireless transmission of data. While Alternative 2 is a viable
option, we felt that it would be a better use of the data acquisition system's microcontroller
processing power to increase the sampling and transmission rate than to process the
accelerometers data. Alternative 3 is the only alternative that matches the goal of wireless
transmission and high transmission rates.
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A complete block diagram of our final design alternative can be seen in Figure 9.1.0 on the
following page:

67

VDD

X1

Battery Pack
Y1

rfPIC12C05AF
(Analog to
Wireless
Conversion)

VSS

FDD

PIC18F1220
(Analog to Digital
Conversion)

Y2
Z1

X2
Z2

X/Y
Accelerometer
Array

Y/Z
Accelerometer
Array

X/Z
Accelerometer
Array

WFD

rfRXD0420
(Wireless Analog
to Analog
Conversion)
FDA

PIC18F2455
VDD

(Analog to

VSS

USB Digital
Conversion)

KEY:
X1—X Acceleration Magnitude 1 (Wire Analog)
X2—X Acceleration Magnitude 2 (Wire Analog)
Y1—Y Acceleration Magnitude 1 (Wire Analog)
Y2—Y Acceleration Magnitude 2 (Wire Analog)
Z1—Z Acceleration Magnitude 1 (Wire Analog)
Z2—Z Acceleration Magnitude 2 (Wire Analog)
FDD—Formatted Data (Wire Digital)
FDA—Formatted Data (Wire Analog)
WFD—Formatted Data (400 MHz Wireless Analog)
FDA—Formatted Data (Wire Analog)
FDUSB—Formatted Data (USB 1.1 Digital)
VDD—Power
VSS--Ground

FDUSB

Receiving Station

Figure
9.1.0:5.0:
Overall
Circuit
ViewView
Figure
Overall
Circuit

68

Design Phases
Future groups need to complete phases 6-9 and redo phase 2 with a printed circuit board. The
groups need to expand our navigation system to multiple dimensions and implement a selfcontained data acquisition system. The acquisition should wirelessly interface with a receiving
station. The system should be near real-time. For the complete list of the design phases see
Appendix C.

Fabrication and Testing
Future groups should fabricate our proposed system on printed circuit boards. The multidimensional system should be tested on the track shown in the design concepts section on page
2. This track will test the ability of the accelerometers to measure acceleration in 3 dimensions.

Summary
Our project is an accelerometer based inertial navigation system. This system uses
accelerometers to capture the acceleration of an object. We use the relationships between
acceleration, velocity, and displacement to track the path of an object.

We have shown that an accelerometer based inertial navigation system is a viable alternative to
gyroscopic and global positioning tracking systems. We have successfully plotted the
acceleration and velocity of an object. By using a single accelerometer, we were able to track an
object on one-axis with less than 10% error.
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We have created the necessary support software for our navigation system. It successfully
converts the values stored by our system to raw acceleration values. We have processed the
values and plotted acceleration and velocity of our tracked object.

The components in our system have been extensively tested. We used incremental DC inputs to
test our analog to digital converter. The accelerometer was hooked to an oscilloscope to test
directionality. The entire system was tested multiple times with runs powered by hand, elastic
band, and using an electric motor.

Our error reduction methods have reduced the error in our system to almost negligible levels. By
compensating for a range of offsets, implementing a moving average, and using a partial noise
reduction method there is little noise left in the system.

We delivered a working one dimensional prototype and supporting software. The prototype
consists of an ADXL320 accelerometer evaluation board, pull-up resistor block, step-down
resistor block, PIC18F2455 chip, and one HC12DP256 microcontroller. The supporting
software was written in VB.net. The software converts the hexadecimal values stored on the
HC12 to raw acceleration values.

The project was completed in a timely manner. The project was proposed in April 2005 and
work commenced in May 2005. Our findings were presented on November 29, 2005.
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We recommend that future groups expand our one dimensional prototype to multiple
dimensions. The groups should consider other accelerometers and analog to digital converters.
Better parts may be available. Finally, a self-contained data acquisition system should be
implemented. This will allow longer runs and real-life testing scenarios. It will also eliminate
the need for the HC12 microcontroller and result in a design closer to our proposed design.
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Appendix A:
Literature Search
And Sponsorship
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Literature Search
Our research for the Inertial Navigation System began in Waldo's Science Research Library.
Our search was performed using the following keywords: “Inertial Navigation System”,
“accelerometer”, “RF communication”, and “Inertial Navigation Systems”. The references we
have found are from journals, technical reports, presentations from technical conferences, and
books. Full citations for the significant items are in the REFERENCES section. The significant
items we have found are:
1) Modern Inertial and Satellite Navigation Systems
This report details the principles and practices for navigation systems. It describes the
issues when dealing with INS, GPS, or gyroscopes.
2) Autonomous Underwater Vehicle Navigation
This memorandum covers the difficulties in underwater navigation. It can be simply
correlated to plane navigation.
3) DAMN: Distributed Architecture for Mobile Navigation
This journal article describes arbitration principles for mobile robots. It also describes
implementation for the mobility of the robot.
4) Prediction and Compensation of Errors of Inertial Navigation Systems
This proceedings report discusses error detection, prediction, and compensation in
Inertial Navigation Systems.
5) An Inertial Navigation System for Small Autonomous Underwater Vehicles
This journal article describes a Small AUV Navigation System. The system implemented
an integrated INS and GPS navigation system.
6) Structural Dynamic and Deflection Monitoring using Integrated GPS and Triaxial
Accelerometers.
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This report was chosen for a variety of reasons. The main reason it was that it covers how
the researches used both accelerometers and a GPS to measure the change in position of a
platform. We plan on using a GPS to verify our accelerometer positioning system, which
is why this report is a good reference to have.
7) A High Sensitivity Z-Axis Torsional Silicon Accelerometer
This report covers the details of how accelerometers work, which makes this an excellent
reference to have. It is imperative to our design that we know exactly how the
accelerometers work so that we know how to use them in our design.
8) Accelerometer Assisted Tracking for Free-Space Optical Communications
This report was chosen because it covers the feasibility of using accelerometers to tract
the movement of an object in three-dimensions.
9) Two-Dimensional Position Detection System with MEMS Accelerometer for MOUSE
Applications
This report will be beneficial to our research because it covers the use of accelerometers
to tract an object in two-dimensions, which will help us when we start to design the
tracking system for the remote-controlled car.
Sponsor ID
Our project will receive guidance and instruction from Dr. Frank Severance, who approached us
about this project. He is our mentor and advocate to the Honors College and to the Michigan
Space Grant Consortium: NASA. Monetary contributions will be covered by the grant our
project received from the Michigan Space Grant Consortium: NASA. We also have a wealth of
support from various faculty members at Western Michigan University, such as: Dr. Bradley
Bazuin, Dr. Iklas Abdel-Quader and Dr. Liang Dong to name a few.
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Appendix B:
Components
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Figure B.0: ADXL320EB Physical
Source:
http://www.analog.com/UploadedFiles/Evaluation_Boards_Tools/285969913ADXL320EB_0.pd
f

Figure B.1: Receiving Station A/D
Source: http://ww1.microchip.com/downloads/en/DeviceDoc/39632b.pdf
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Figure B.2: Receiving Station Receiver
Source: http://ww1.microchip.com/downloads/en/DeviceDoc/70090a.pdf

Figure B.3: DAQ transmitter
Source: http://ww1.microchip.com/downloads/en/DeviceDoc/70031a.pdf
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Figure B.4: DAS A/D
Source: http://ww1.microchip.com/downloads/en/DeviceDoc/39605c.pdf

Figure B.5: ADXL320EB

Figure B.6: MMA6231Q Freescale Evaluation Board
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Figure B.7: PIC18F2455

Figure B.8: MMA Directionality
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Figure B.9: Differential Capacitor
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Appendix C:
Design Phases
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An outline of our planned design phases is below:
Phase 0
Choose the parts for the project using specifications from the data sheets
Phase 1
Test the parts chosen in Phase 0 to make sure they fit the specifications.
Phase 2
Design and construct the data acquisition system and data acquisition system
container to specifications using
following options:
a) 1 PCB board
b) Multiple PCB boards
c) No PCB boards
Phase 3
Test the data acquisition system constructed in Phase 2.
Phase 4
Design and implement the software interface.
Phase 5
Mount the data acquisition system to the remote-control vehicle.
Phase 6
Test the data acquisition system and software using the test tracks specified
below. Test using one of the following methods:
Test Tracks:
a) Straight ahead
b) Curved
c) Backwards
d) Figure 8 Patterns
e) Indoors
f) Outdoors
g) Flat Terrain
h) Hilly Terrain
Testing Methods:
a) Initially store data on microcontroller and then download to computer
to check results. Once data results are correct, we must test the
transceiver by transmitting data to receiver.
b) Start transmitting the data initially, i.e. bypass the data storage on the
microcontroller.
Phase 7
Take the data acquisition system of the remote-control vehicle and mount it on the
aircraft. In this phase the plane may have to be modified to make the data
acquisition system fit.
Phase 8
Test the data acquisition system on the aircraft using data accusation. Use one of
the testing
methods outlined in Phase 6.
Phase 9
Finalize the design of the data acquisition system, software, and aircraft.
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Appendix D:
FCC Regulations
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Table D.0: FCC Regulations: Amateur Band

Source: http://www.fcc.gov/oet/spectrum/table/fcctable.pdf
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Appendix E:
Software Development Life-Cycle
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Software Development Life Cycle
The first step in the software development life cycle is to do the general planning of the project.
This includes figuring out the goals of the project, including the software, which for our project
is to take in data from a data acquisition system and output the data to the user so they can see
the trajectory of their remote controlled vehicle or aircraft. After the general goals of the project
and software are defined the next step it to break the goals into specific functions and figure out
how the software should operate. Once the goals are refined, the next step for us to take is to
describe the functions and operation of the software in greater detail. This includes writing the
pseudocode for the functions and developing layouts of what the graphical user interface should
look like.

After all the previous steps have been completed we will write the actual code for each function
using the pseudocode and screen shots developed earlier as a guide. After the code for all the
functions is written we will integrate all the pieces and start the testing process. The testing
process includes integrating our software with our receiving stations and data acquisition system
that are mounted to a remote control vehicle. Once complete we will start testing the code using
specified tracks that have been measured in advance. The tracks are used so that we can compare
the data outputted by our software to the measured values. After extensively testing the software
using the data acquisition system that was mounted on the remote control vehicle we will move
the data acquisition system to the remote controlled aircraft. This is done so that the software can
be tested to ensure that it will work with the speed and movement of an aircraft. The results
obtained from the software will be compared to the data acquired using a GPS based inertial
navigation system to ensure the results are correct. Once we are satisfied the software operates as
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intended we will finalize our software design, so that it can be delivered along with the data
acquisition system and receiving station to the user. Once the software has been delivered we
will monitor the software’s operation and make any necessary corrections the may be needed
during the life of the software.
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Appendix F:
HC12DP256 Pin Layout
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Figure F.0: HC12 Pin Layout
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Appendix G:
Software Code
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PIC18F2455—Dynamic Analog-to-Digital Conversion
;*****************************************************************************
*
LIST P=18F2455, F=INHX32
;directive to define processor and file format
#include <P18F2455.INC> ;processor specific variable definitions
;*****************************************************************************
*
;Configuration bits
; The __CONFIG directive defines configuration data within the .ASM file.
; The labels following the directive are defined in the P18F452.INC file.
; The PIC18FXX2 Data Sheet explains the functions of the configuration bits.
; Change the following lines to suit your application.
;
;Internal Oscillator, RA6 is freed, EC used by USB
__CONFIG _CONFIG1H, _IESO_OFF_1H & _FCMEM_OFF_1H &
_FOSC_INTOSCIO_EC_1H
__CONFIG _CONFIG2L, _VREGEN_OFF_2L & _BOR_OFF_2L & _PWRT_OFF_2L
__CONFIG _CONFIG2H, _WDT_OFF_2H
__CONFIG _CONFIG3H, _MCLRE_OFF_3H & _LPT1OSC_OFF_3H &
_PBADEN_OFF_3H & _CCP2MX_ON_3H
__CONFIG _CONFIG4L, _LVP_OFF_4L & _XINST_OFF_4L
;*****************************************************************************
*
;Variable definitions
; These variables are only needed if low priority interrupts are used.
; More variables may be needed to store other special function registers used
; in the interrupt routines.
UDATA
WREG_TEMP
STATUS_TEMP
BSR_TEMP RES
TEMP
RES 1

RES 1
;variable in RAM for context saving
RES 1
;variable in RAM for context saving
1
;variable in RAM for context saving
;variable

UDATA_ACS
EXAMPLE

RES

1

;example of a variable in access RAM

;*****************************************************************************
*
;*****************************************************************************
*
;Reset vector
; This code will start executing when a reset occurs.
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RESET_VECTOR
goto

CODE 0x0000
Start
;go to start of Start code

;*****************************************************************************
*
;High priority interrupt vector
; This code will start executing when a high priority interrupt occurs or
; when any interrupt occurs if interrupt priorities are not enabled.
HI_INT_VECTOR CODE 0x0008
bra
ISR
;go to high priority interrupt routine
;*****************************************************************************
*
;Low priority interrupt vector
; This code will start executing when a low priority interrupt occurs.
; This code can be removed if low priority interrupts are not used.
;LOW_INT_VECTOR

CODE 0x0018

;
bra
LowInt
;go to low priority interrupt routine
;*****************************************************************************
*
;High priority interrupt routine
; The high priority interrupt code is placed here.
CODE
ISR:
;
*** high priority interrupt code goes here ***
; Service A/D interrupt
; if needed this is where we should save WREG and STATUS)
btfss PIR1, ADIF; test BIT ADIF on PIR1, skip if set (ADIF did not cause this interrupt
goto OtherInt; goto OtherInt
movf ADRESH, W; Get A/D value (high byte)
movwf PORTB; output W on PORTB
movf ADRESL, W; Get A/D value (low byte)
movwf PORTC;
bsf PORTA,6;
bcf PIR1, ADIF; reset A/D int flag
;call SetupDelay; delay for 30 cycles
bcf PORTA,6;
bsf ADCON0, GO; start A/D conversion
;delay of 3 TADS (24u) per Data sheet
call SetupDelay
goto EndISR; return from ISR
OtherInt:
;handle other Interrupts here, should not get here
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goto $; trapped
EndISR:
;restore WREG and STATUS if neccessary
retfie; Return, enables GIE
;*****************************************************************************
*
;Start of main program
; The main program code is placed here.
Start:
rcall INIT; relative call
;Set up priority interrupts
;
bsf RCON, IPEN; enable priority levels on interrupts by setting the IPEN bit on the
RCON register
;
bsf IPR1, ADIP; set ADIP bit on the IPR1 register. This sets AD Interrupts as the high
priority interrupt
; AD set up
call InitializeAD; configure A/D module
;
Delay for 10 cycles (setup time)
nop;
nop;
nop;
nop;
nop;
nop;
nop;
nop;
nop;
nop;
bsf ADCON0, GO; start first A/D conversion
Main: goto Main; do nothing loop
INIT:
;IO setup
clrf PORTB; clear all bits of PORTB
clrf PORTA; clear all bits of PORTA
clrf PORTC; CLear all of PORTC
;movlw 0xF7; W set to 1111 0111
;movwf TRISB; set all PORTB to input except for RB3
clrf TRISB; set all PORTB to output
;setf TRISA; set all PORTA to inputs
clrf TRISC; set all of Port C to Output
movlw 0x1F;
movwf TRISA;
;movlw 0xA5;
;movwf PORTB;
return; go back to where it was called from
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;

*** main code goes here ***

;**********************************************************************
; Select AN0 as analog input, RC clock, and read AN0
InitializeAD:
movlw B'00001110'; W= 0000 1110
movwf ADCON1; set AN0 to analog, VREF+=VDD, VREF-=GND
movlw B'1000110'; FOSC/64, Right Justified, 0 TADS
movwf ADCON2;
movlw B'00000001'; W= 0000 0001
movwf ADCON0; enable AD, select AN0
nop;
nop;
nop;
bcf PIR1, ADIF; clear the AD interrupt flag on the PIR1 register
bsf PIE1, ADIE; set the ADIE bit on the PIE1 register. This enables the AD interrupts
bsf INTCON, PEIE; Enable peripheral interrupts
bsf INTCON, GIE; enable Global interrupts
return; goback
;*****************************************************************
; This is used to allow the A/D time to sample the input
; (acquisition time).
;
; This routine requires 188 cycles to complete
; call and return ad another 4 cycles
; each loop takes 3 cycles (except skip takes 2)
; delay should consume 3 TADS (24us)
SetupDelay
movlw 0x3E; .62
movwf TEMP;
SD
decfsz TEMP, 0x1; decrement f, skip if 0
goto SD;
return;
;*****************************************************************************
*
;End of program
END

HC12 Microcontroller Programming—Data Capture
#include <hcs12dp256.h>
#include <stdio.h>
#pragma abs_address:0x1040
unsigned int volatile count;
#pragma end_abs_address
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#pragma abs_address:0x1350
char data[4000];
#pragma end_abs_address
//int temp= 0x00;
main()
{
//adjust clk speed
COPCTL = 0x00;
CLKSEL = 0x00;
PLLCTL=0x70;
REFDV = 0x01;
SYNR = 0x02;
asm("nop");
asm("nop");
asm("nop");
while((CRGFLG & 0x08) == 0x00){};
CLKSEL=0x80;
MODE = MODE & 0xEF;
//////////////////
count=0x00;
PTP = 0x00;
DDRP = 0x00;
PTH=0x00;////////////
DDRH=0xFF;//////////////////
asm("sei");
TSCR1=0x80; //enable timer
TSCR2=0x00;//sets prescaler to 1
TIOS = 0x00; //sets TIOS5 as input compare
TIE = 0x20; //enables the TC5 interrupt
TCTL3= 0x08; //sets OM5 to capture on falling edge
TFLG1=0x20;
count = 0;
asm("cli");
while(1)
{
}
return(0);
}
#pragma interrupt_handler TC5_ISR
void TC5_ISR(void)
{
if(count<4000)
{
data[count]= PTP;
count++;
}
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else
{
PTH=0xA5;;
}
TFLG1=0x20;//clears the flag
}
/*********Initialize the Interrupt Vector Address *****/
#pragma abs_address:0x3e64 //initialize
void (*interrupt_vectors[])(void) = {TC5_ISR}; //assign the function pointer
#pragma end_abs_address

Data Conversion (form1.h)—2G Version, Relevant Sections
Form1(void)
{
InitializeComponent();
ACCEL_RANGE=2.02;
}

e)

private: System::Void btnBrowse_Click(System::Object * sender, System::EventArgs *
{

if (openFileDialog1->ShowDialog() == DialogResult::OK) {
lblPath->Text=openFileDialog1->FileName;
// If ReadOnlyChecked is true, uses the OpenFile method to
// open the file with read/only access.
if (openFileDialog1->ReadOnlyChecked == true) {
//fs= dynamic_cast<FileStream*>(openFileDialog1>OpenFile());
path = openFileDialog1->FileName;
}
// Otherwise, opens the file with read/write access.
else {
path = openFileDialog1->FileName;
//fs= new FileStream(path,
System::IO::FileMode::Open, System::IO::FileAccess::ReadWrite);
}
}
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}
private: System::Void btnGo_Click(System::Object * sender, System::EventArgs * e)
{
int totcnt=0;
double an, anm2, anm1;
an=anm2=anm1=0;
if(path!=NULL)
{
sr=new StreamReader(path);
String* strArray[];
String* data;
String* delimStr = S" ,.:";
Char delimiter[] = delimStr->ToCharArray();
try {
sw=new StreamWriter(".\\dataout.txt");
data=sr->ReadLine();
while(data!=NULL)
{
//MessageBox::Show(data);
strArray=data->Split(delimiter);
int cnt=strArray->get_Count();
for(int x=0; x<cnt; x++)
{

line");

decimal ratio, >.5 positive accel, <.5 negative
vref=Convert::ToDouble(txtVoltage->Text);
tmp2=dbl*vref;//((vref/Double(2.0)));
((vref/Double(2.0))))*(9.81/.174);
Convert::ToDouble(0.5);

//MessageBox::Show(strArray[x]);
if(strArray[x]->Equals(S"\n"))
{
MessageBox::Show("It was a new
}
else
{
double dbl=convert(strArray[x]); //returns
//double
//double
//tmp2=(tmp2double tmp2=dbl-
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tmp2=(tmp2/(Convert::ToDouble(0.5)))*ACCEL_RANGE*9.81;
an=tmp2;
if(anm2>0 &&anm1>0 &&an<0)
{;}
else
{
totcnt++;
String*
tmp=tmp2.ToString();
//String*
tmp4=Convert::ToString(totcnt);
//tmp4=String::Concat("||",tmp4);
//tmp=String::Concat(tmp,tmp4);
sw->WriteLine(tmp);
}
anm2=anm1;
anm1=an;
}
}
data=sr->ReadLine();
}
}

catch(Exception* e)
{
MessageBox::Show(e->get_Message());
MessageBox::Show("An error occurred, quitting");
return;
}

}
MessageBox::Show("Finished");
String* tmp;
tmp=Convert::ToString(totcnt);
MessageBox::Show(tmp);
sw->Close();
}
double convert(String* str)
{
static double oldRet=127.5;
int lngth=str->Length;
//MessageBox::Show("At top of convert");
str=swap(str);
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//String* tmp=lngth.ToString();
//MessageBox::Show(tmp);
double ret=0;
if(lngth==0)
{
return 0;
}
str=str->ToUpper();
double pow;
for(int x=0; x<lngth; x++)
{
pow=Math::Pow(16,x);
//MessageBox::Show(str->Substring(x,1));
if(str->Substring(x,1)->Equals(S"F"))
{
//tp=x.ToString();
//MessageBox::Show("x");
//MessageBox::Show(tp);
//tp=(Math::Pow(16,x)).ToString();
//MessageBox::Show("16^x");
//MessageBox::Show(tp);
ret=ret+15*(pow);
}
else
{
if(str->Substring(x,1)->Equals(S"E"))
{
ret=ret+14*(pow);
}
else
{
if(str->Substring(x,1)->Equals(S"D"))
{
ret=ret+13*(pow);
}
else
{
if(str->Substring(x,1)->Equals(S"C"))
{
ret=ret+12*(pow);
}
else
{
if(str->Substring(x,1)->Equals(S"B"))
{
ret=ret+11*(pow);
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}
else
{

>Equals(S"\n"))

if(str->Substring(x,1)->Equals(S"A"))
{
ret=ret+10*(pow);
}
else
{
if(str->Substring(x,1){
}
else
{

tmp=Convert::ToDouble(str->Substring(x,1))*(pow);

try
{
double
ret=ret+tmp;
}
catch(Exception* e)
{

MessageBox::Show(S"&&&&"->Concat(str->Substring(x,1))->Concat(S"&&&"));
if(str->Substring(x,1)>Equals(S"\r"))
{
MessageBox::Show("It was a carriage return");
>Substring(x,1));

>ToCharArray(0, 1);

}
String* tmpStr=(strChar arr[];
arr = tmpStrInt32 tmp=arr[0];

MessageBox::Show(tmp.ToString());
MessageBox::Show(e->get_Message());
MessageBox::Show("An unpexpected error, returning 0");
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}

}

}

}

}

}

}

}

}

return 0;

}
//MessageBox::Show(S"converted to=="->Concat(ret.ToString()));
if(InRange(ret) && InRange(oldRet))
{
ret=127.5;
}
double max=255;
double tm=(ret/max);
//MessageBox::Show(S"Returning=="->Concat(tm.ToString()));
oldRet=ret;
return tm;
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Appendix H:
Final Deliverables
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Figure H.0: Complete Circuit

Figure H.1: Wooden Car

107

Figure H.2: Remote Controlled Car

Figure H.3: Accelerometer Mounted to Remote Car
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Figure H.4: Analog Devices ADXL320 EB

Figure H.5: Freescale MMA6231Q Accelerometer

109

